We present optical turbulence profiles obtained with a Generalized SCIDAR (G-SCIDAR) and a Low Layer SCIDAR (LOLAS) at the Observatorio Astronómico Nacional in San Pedro Mártir (OAN-SPM), Baja California, Mexico, during three observing campaigns in 2013, 2014 and 2015. The G-SCIDAR delivers profiles with moderate altitude-resolution (a few hundred meters) along the entire turbulent section of the atmosphere, while the LOLAS gives high altitude-resolution (on the order of tens of meters) but only within the first few hundred meters. Simultaneous measurements were obtained on 2014 and allowed us to characterize in detail the combined effect of the local orography and wind direction on the turbulence distribution close to the ground. At the beginning of several nights, the LOLAS profiles show that turbulence peaks between 25 and 50 m above the ground, not at ground level as was expected. The G-SCIDAR profiles exhibit a peak within the first kilometer. In 55% and 36% of the nights stable layers are detected between 10 and 15 km and at 3 km, respectively. This distribution is consistent with the results obtained with a G-SCIDAR in 1997 and 2000 observing campaigns. Statistics computed with the 7891 profiles that have been measured at the OAN-SPM with a G-SCIDAR in 1997 , 2000 and 2015 campaigns are presented. The seeing values calculated with each of those profiles have a median of 0.79, first and third quartiles of 0.51 and 1.08 arcsec, which are in close agreement with other long term seeing monitoring performed at the OAN-SPM.
INTRODUCTION
In optical astronomy, the Earth's atmosphere is frequently the main cause of angular resolution degradation when using large telescopes. It is a direct effect of turbulent fluctuations of the refractive index along the light path. Those fluctuations are commonly referred to as optical turbulence. Adaptive optical (AO) systems are intended to correct for the phase deformations introduced by optical turbulence. Huge efforts are dedicated to the development of modern AO systems in new generation telescopes. As telescopes become larger, the performance of AO systems becomes more sensitive to variations of the vertical distribution of the op-E-mail: remy@fata.unam.mx tical turbulence strength C 2 N (h) (Osborn et al. 2017; Neichel et al. 2009; Basden et al. 2010; Vidal et al. 2010; Masciadri et al. 2013 ).
The characterization of the turbulence profiles C 2 N (h) at astronomical sites where new telescopes are to be installed is of crucial importance for the optimization of the instrumental performance and the quality of the scientific return.
A number of optical turbulence profiling techniques have been developed. Among those, the most prevalent that are in operation today are SCIDAR (Scintillation Detection And Ranging, Vernin & Roddier (1973) ) SLODAR (Slope Detection and Ranging, Wilson (2002) ) and Multi Aperture Scintillation Sensor (MASS, Tokovinin & Kornilov (2007) ). SCIDAR and SLODAR are based on a triangulation method, both use a double star of known separation as light source, while MASS uses a single star. MASS has a fixed and coarse altitude resolution of the turbulence profile, while with SCIDAR and SLODAR, the altitude resolution depends on the double star angular separation. The original SCIDAR technique was insensitive to turbulence at altitudes lower than 1 km. It then evolved to the Generalized SCIDAR (G-SCIDAR, Fuchs et al. (1998) ; Avila et al. (1997) ) that overcame that limitation. The G-SCIDAR further branched into the Low Layer SCIDAR (LOLAS, Avila et al. (2008) ), for high resolution profiles close to the ground, and to the Stereo-SCIDAR (Shepherd et al. 2014) , for ultimate sensitivity.
Instruments of G-SCIDAR and LOLAS methods have been developed at the Universidad Nacional Autónoma de México (UNAM) and reported in Cruz et al. (2003) and Avilés et al. (2012) ; Avila et al. (2016) , respectively. Here we report results obtained with these two instruments at the Observatorio Astronómico Nacional in San Pedro Már-tir (OAN-SPM), Baja California, Mexico during three campaigns in 2013, 2014 and 2015. Turbulence and wind profiles measured at the same site with the G-SCIDAR developed at the University of Nice have been reported by Avila et al. (1998 Avila et al. ( , 2004 Avila et al. ( , 2006 Avila et al. ( , 2007 .
METHODS
The SCIDAR method and its derivatives have been extensively explained in the literature. In this section we give an overview and emphasize aspects particularly relevant to this paper.
SCIDAR
Refractive-index variations in a turbulent layer produce phase fluctuations on light waves coming from a star, which upon propagation down to the ground develop scintillation patterns that can be measured on the pupil plane of a telescope. When observing a double star of known angular separation ì θ, the speckle patterns produced by each star are identical but shifted a distance ì θz from each other, z being the distance from the pupil plane to the turbulent layer along the optical axis. By measuring this distance, z can be retrieved. This is not done on a single scintillation image because it is constituted by a multitude of superimposed speckles that fill the pupil. Instead, the spatial autocovariance of the composite scintillation is computed from thousands of scintillation images whose exposure time is short enough to freeze the speckles. The autocovariance exhibits two peaks at positions ì r = ± ì θz with an amplitude proportional to the refractive-index structure constant C 2 N of that layer (Rocca et al. 1974) . The determination of the position and amplitude of those peaks leads to C 2 N (z). This is the principle of the so-called classical SCIDAR, in which the scintillation is recorded at ground level by taking images of the telescope pupil. Since the turbulence of different layers is statistically independent from each other, the overall scintillation autocovariance is the sum of the contribution of each layer and can be written as : Table 1 ), respectively.
( 1) where B(ì r, z) represents the theoretical single-star scintillation autocovariance produced by a layer at distance z; while a and b are constants that depend on the magnitude difference of the double star components. Equation 1 can be decomposed as the sum of one central peak Λ c (ì r) where the contribution of all layers accumulates, and two symmetrical collections of lateral peaks Λ l ( ì l) and Λ r (ì r):
All the information needed to retrieve C 2 N (z) is contained in either of the lateral terms, for example Eq. 5, where
with γ = 10 −0.4∆m , and ∆m being the stellar magnitude difference.
Generalized SCIDAR
The scintillation variance produced by a turbulent layer at a distance z from the detecting plane is proportional to z 5/6 . Thus, the SCIDAR is blind to turbulence close to the ground, which constitutes a major disadvantage because the most intense turbulence is often located at ground level, as shown for example by Avila et al. (2004) , and Chun et al. (2009) . To circumvent this limitation, Fuchs et al. (1994) proposed to optically shift the measurement plane a distance d below the pupil. This is the principle of the G-SCIDAR which was first implemented by Avila et al. (1997) . For the scintillation variance to be significant, d must be of the order of 1 km or larger. Another important consequence of adding d to the propagation distance is that the autocovariance lateral peak of the turbulence at ground level gets shifted away from the central peak by a distance ì θd, making them easily distinguishable from the central peak. An example of scintillation autocovariance obtained with the G-SCIDAR is shown in the top panel of Fig. 1 . The effective propagation distance in G-SCIDAR becomes the distance from a turbulent layer to the pupil plane z plus the virtual propagation distance d. Expressing z in terms of the vertical altitude above the ground h and the angle between the zenith and the direction of the double star η, the equivalent of Eq. 5 for the G-SCIDAR then reads:
where
Low Layer SCIDAR (LOLAS)
Avila et al. (2008) introduced the LOLAS as a technique capable of measuring turbulence near ground with high altitude-resolution. It is based on the same concept as the G-SCIDAR method but it uses a much widely separated double star. The typical stellar separation ì θ for the G-SCIDAR is around 10 while for LOLAS it is larger than 100 . Since the maximum attainable altitude h max and the altitude resolution δh with SCIDAR techniques are both inversely proportional to θ (Avila et al. 2008; Prieur et al. 2001) :
and
The maximum attainable altitude is drastically reduced in LOLAS, at the gain of a much better altitude resolution. λ represents the wavelength of the stellar radiation. δh can reach values as low as 10 metres in LOLAS, while the typical SCIDAR resolution is several hundreds of metres. The value of h max gets further reduced because the pupil diameter D in LOLAS is 40 cm, for the instrument to be portable. Avila & Cuevas (2009) have shown that due to the fact that the two defocused pupil images are not superimposed on the detector in LOLAS, the lateral peaks of the scintillation autocovariance are not affected by factor b, like in Eqs. 5 and 7. This is also the case in the Stereo-SCIDAR (Shepherd 
A typical example of an autocovariance obtained with the LOLAS is shown in the bottom panel of Fig. 1 .
Obtaining turbulence profiles
From the Wiener-Khinchin theorem, the autocovariance function can be calculated by the Fourier transform of the power spectrum of the irradiance fluctuations. Assuming Kolmogorov turbulence, Roddier (1981) derived an expression of the scintillation power spectrum of the irradiance fluctuations, which has circular symmetry. Its Fourier transform can then be written as a Hankel transform. For a single star and a unique turbulent layer at a distance z from the analysis plane, the theoretical scintillation autocovariance can be expressed as:
where k = 2π λ and J 0 is the first order Bessel function. A slice of pixels Λ − r taken from the center of Λ r,GS or Λ r,LOLAS and along the separation of the stars can be used as a measured vector to solve Eqs. 7 or 11 by non-negative least squares as suggested by Shepherd et al. (2014) . The linear equation has the form
where A is a matrix whose columns j are the response functions b B(ì r − ì θH j , H j ) for G-SCIDAR or B(ì r − ì θH j , H j ) for LOLAS, for each value of H. To avoid over-sampling we solved the least squares problem by using a matrix A which is zero everywhere except in the columns that correspond to multiples of the natural resolution of the instrument given by Eq. 10. Avila & Cuevas (2009) found that the C 2 N values obtained with the G-SCIDAR method explained so far must be multiplied by a correction factor to be correctly calibrated. 
Wind profiles
Each turbulent layer is carried by the predominant wind at the corresponding altitude. Although the turbulent structure suffers a certain temporal decorrelation while driven by the wind, as investigated by Avilés et al. (2016) , the degree of correlation between consecutive scintillation frames is high enough to being able to detect peaks in the spatio-temporal covariance of scintillation images. A layer moving at velocity ì v produces a triple peak that lies a distance ì v ∆t from the correlation center. By determining this distance, the layer velocity is obtained. Details of this method are presented in Avila (1998) and Avila et al. (2001) .
Dome and telescope turbulence subtraction
Avila (1998) and Avila et al. (2001) explained how optical turbulence inside the telescope dome for the G-SCIDAR and in the telescope tube for LOLAS can be estimated using the spatio-temporal covariances. We use their method to remove dome and telescope contributions from all the C 2 N (h) profiles.
EXPERIMENTAL SETUP
The Observatorio Astronómico Nacional in San Pedro Már-tir (OAN-SPM), operated by the Instituto de Astronomía of the Universidad Nacional Autónoma de México, is situated on the Baja California peninsula at 31 • 02' North, 115 • 29' West location at an altitude of 2800 m above sea level. It lies within the Northeastern part of the San Pedro Mártir (SPM) National Park, at the summit of the SPM sierra. The experimental setup location is presented in Fig. 2 which shows an aerial view (top) and a contour map level curves (bottom). LOLAS equatorial mount was fixed to a 1-m tall concrete column on a hill that faced a cliff towards the North-East. The G-SCIDAR was adapted to the 2.1-m telescope (2.1mT) which is installed on top of a 20-m tall building. The horizontal distance between both instruments was approximately 100 m and the G-SCIDAR was 23 m higher than the LOLAS. For the G-SCIDAR, images were taken at a rate of 22.8 frames per second on an Andor Luca R Electron Multiplied Charge-Coupled Device (EMCCD) camera of 1004 × 1000 pixels that were binned 2 × 2. The exposure time of each image was either 1 or 2 ms, depending on the stellar mag-nitudes and wind conditions. The spatial sampling on the analysis plane was 1 cm.
For LOLAS we used an Andor iXon EMCCD of 512, × 512 pixels. The detecting area was set to a window of 512 × 160 pixels that were binned 2 × 2. The corresponding spatial sampling on the analysis plane was 9.7-mm wide. Images were acquired at a rate of 77 frames per second and an exposure time of 2 ms. The LOLAS instrument operated with its dedicated 16-inch Ritchey-Chrétien telescope. LO-LAS data acquisition system and optical re-design was described by Avila et al. (2016) . The virtual distance d was set to 3000 m for the G-SCIDAR and 1100 m for LOLAS. The number of frames to compute a single autocovariance was set to 3000 and 30000 for the G-SCIDAR and the LOLAS, respectively. LOLAS requires that many frames to compensate its small collective area. As a consequence, one profile is obtained every 6.5 minutes. Avila et al. (2004) showed in their Figure 8 that the temporal autocorrelation of the C 2 N values in the first 2 km has a value of 0.9 at 6.5 minutes, indicating that the turbulence strength integrated in that altitude slab does not vary significantly in that time lapse. Nevertheless, it is not impossible that the high resolution C 2 N distribution close to the ground varies faster than the sampling time of the LOLAS profiles.
Under those instrumental parameters, in practice, the limiting combined stellar magnitudes for G-SCIDAR and LOLAS were approximately 6.5 and 7, respectively. It is worth recalling that while the G-SCIDAR useful signal decreases when the magnitude difference increases, that of LO-LAS is independent of the magnitude difference, as clearly shown in Eqs. 7 and 11 through the dependence and independence on the parameter b (defined in Eq.6), respectively. The independence of the sensitivity upon the stellar magnitude is also encountered in the Stereo-SCIDAR (Shepherd et al. 2014) .
Measurement campaigns took place in November 2013, May 2014 and May 2015. In 2013 only LOLAS was operated. While in 2014 both G-SCIDAR and LOLAS worked simultaneously. Finally, in 2015 only G-SCIDAR measurements were taken. Table 1 summarizes the double star targets used for each instrument during the three campaigns, where coordinates, magnitudes, separations and position angles for each stellar pair, are presented. Table 2 gives an overview of the data gathered during the three campaigns, which yield a total number of 2423 G-SCIDAR and 164 LOLAS turbulence profiles.
RESULTS AND DISCUSSION

Measurements of 2013
On November 16 2013, we only measured profiles with the LOLAS instrument, using the first two targets of Table 1 . The upper panel of Fig. 3 shows the optical turbulence evolution of this first night. Noticeably, as the night advanced the turbulence closer to the ground became weaker. This could be due to ground cooling as the night progresses. The maximum altitude resolution attained was 20 metres. Measurements of the following two nights are shown in the middle and bottom panels of Fig. 3 . Optical turbulence is strongly concentrated below 50 metres.
Interestingly, in the first 3 to 4 hours of each night, the optical turbulence does not peak at ground level but between 25 to 50 m above the ground (2nd altitude bin). After that, either the distribution gets homogeneous within the first 50 m or the highest C 2 N values are located at ground level, as one would expect. Optical turbulence occurs where two conditions are met: air must be flowing turbulently (which is favored by wind shears) and the temperature has a sufficiently steep vertical gradient. Wind velocity values obtained from the LOLAS data do not reveal any clear trend: for example, on November 16 the average speed of the strongestturbulence layer in the first half of the night was higher than in the second half (15.8 and 9.4 m s −1 , respectively), whereas on November 18 the situation was opposite (3.8 and 5.45 m s −1 , respectively). This leads us to suspect that in the first half of the night there is a steep temperature gradient between 25 to 50 m above the ground that tends to vanish towards the second half of the night. The trees on the site might constitute a factor that tends to homogenize the temperature in the first 25 m of altitude. One could suspect the turbulence peak between 25 to 50 m to be a consequence of the 2.1mT building wake, however, both nights, the wind was coming from the west-northwest, that is in opposite direction of the 2.1mT.
From each profile we calculated the corresponding seeing expressed in arcsec as:
The median value of the seeing measured with LOLAS, computed from the 2013 profiles was 0.57 arcsec. This might seem a high number considering that only turbulence below 400 m is considered, but one has to bear in mind that the LOLAS was installed at ground level where most of the turbulence is generated. This value is in excellent agreement with the median Ground Layer turbulence (defined as turbulence below 500-m) of 0.59 arcsec measured by Sánchez et al. (2012) .
Measurements of 2014
On May 2014 the G-SCIDAR was mounted on the 2.1mT to measure turbulence profiles up to 20 km above the ground with an altitude resolution ranging from 265 to 381 m, depending on the double star used. The LOLAS instrument was operating during three nights together with the G-SCIDAR. We discuss the results of simultaneous measurements during those nights later in this section. Figure 4 shows the optical turbulence evolution measured with the G-SCIDAR. All along each night, the turbulent distribution is fairly stable. We detected the jet stream between 10 and 15 kilometres in almost all nights as well as a turbulent structure below 5 km. Profiles are corrected from dome turbulence. On May 11, the C 2 N profiles consist almost exclusively of two layers: one stuck to the ground and the other at 15 km approximately. This situation does not repeat itself on any other night reported here. On May 12 a diffuse turbulent structure between 7 and 12 km is observed at the beginning of the night, which ends up narrowing to a 1-km thick layer at approximately 7 km above the ground. Table 1 . Double-star targets used for the instruments LOLAS (top 5 rows) and G-SCIDAR (bottom 6 rows).
In the second half of that same night, the strongest turbulence is found at a height of few hundred meters rather than at ground level. This interesting feature is more deeply discussed in § 4.4. The median seeing values for May 10 to 14 were 0.87, 0.89, 1.06, 0.95 and 0.69 arcsec, respectively. Similarly, the median dome seeing values were 0.27, 0.26, 0.36, 0.15 and 0.3 arcsec, which are consistent with the median dome seeing of 0.31 arcsec found by Avila et al. (2004) 
Measurements of 2015
The following year, on May 2015 another campaign was conducted by our team at the OAN-SPM with the G-SCIDAR. Figure 6 shows the temporal evolution maps of the optical turbulence profiles measured that week. On the first night, two well distinguished predominant layers are detected: one close to the ground and the other at 8 km approximately. The rest of the nights (May 4th to 7th), the high-altitude layer seems much weaker. This situation was also encountered at the site on 2000, May 9 to 14th (Avila et al. 2004) . It is a very beneficial condition for astronomical observations with adaptive optical compensation since the field of view that can be corrected increases dramatically when highaltitude turbulence is weak. In the 2015 campaign we observed the lowest turbulence among the measurements reported here. The median seeing values obtained were 0.9, 0.7, 0.6, 0.5 and 0.6 arcsec for May 3rd to 7th, 2015, respectively. The corresponding median dome seeing values were 0.5, 0.3, 0.3, 0.2 and 0.2 arcsec. Temporal discontinuities in the data acquisition that can be seen in Fig. 6 were due to technical problems in the instrument computer.
Simultaneous LOLAS and G-SCIDAR measurements
The simultaneous assessment of low-resolution turbulence profiles in the whole atmosphere and high-resolution profiles in the first few hundred meters enables a profound comprehension of atmospheric optical turbulence and a very complete site characterization. On May 12 2014 we detected a turbulent layer at 350 metres with the LOLAS instrument from 10:30 to 11:30 UT (see Fig. 5 ), which we did not see on any other night. This layer and turbulence at the ground cannot be fully resolved as distinct layers on the G-SCIDAR profiles due to their limited altitude-resolution, but the G-SCIDAR profiles do show that the strongest turbulence is located a few hundred meters above the ground. By analysing the spatio-temporal covariance functions obtained at the same time with the G-SCIDAR and LOLAS, like those shown in Fig. 7 , we are able to identify that layer in both instruments. In the LOLAS map (top panel of Fig. 7 ) the layer at 350 m corresponds to the triplet marked with the red squares. The distance between the central and lateral peaks corresponds to 350 m in altitude. Given the temporal lag between images used to compute the covariance (∆t = 13 ms), the displacement of the central peak with respect to the center of the covariance map of 14 pixels which corresponds to 13.6 cm, and the elevation angle of the star, the traced layer is moving at a horizontal speed of 12 ms −1 approximately. On the G-SCIDAR covariance map (Fig. 7-bottom) , the triplet marked with the red squares corresponds to a layer between 0 and 400 m that moves horizontally at a speed of 14 ms −1 approximately, which is in good agreement with the layer detected with LOLAS. This coincidence gives us confidence on the measurements performed with both instruments. Furthermore, we compared the integral of the LOLAS C 2 N values from 200 to 500 m with C 2 N (h 1 )δh (h 1 = 350 m) obtained simultaneously with the G-SCIDAR. We find a very good agreement, with a mean relative variation of 4%. between LOLAS and G-SCIDAR estimates is very good. The wind at low altitude comes predominantly from the NorthNorth-East, presumably carrying warm air from the desert that climbs along the cliff (see Fig. 2 ) and interacts with colder air above the observatory, producing this very strong optical turbulence at 350 m above the ground.
Historical G-SCIDAR statistics at OAN-SPM
Turbulence profiles have been measured with G-SCIDAR at the OAN-SPM in 1997, 2000 (see Avila et al. 1998 Avila et al. , 2004 Avila et al. , 2006 Avila et al. , 2007 , 2014 and 2015. The latter two campaigns are reported here. Some similarities in the vertical distribution of C 2 N obtained in different years can be highlighted: Turbulence close to the ground is almost always the strongest. Many times a layer is found between 8 to 15 km above the ground, which can be attributed to the jet stream. Some times a layer between 5 and 7 km is also noticed. On several nights, turbulence in most of the atmosphere above three kilometers is very low, as discussed in § 4.3. Figure 9 shows statistics of the 7891 G-SCIDAR profiles obtained so far at the OAN-SPM. Every profile is corrected for dome seeing and properly calibrated following Avila & Cuevas (2009) . The top panel of Fig. 9 shows the median, 1st and 3rd quartiles profiles. We note the well defined layer at 10 km and in the 1st and 2d quartiles a peak can be seen at 3 km. On the bottom of Fig. 9 the cumulative distribution function of the seeing is shown. First quartile, median, and 3rd quartile values are 0.51, 0.79 and 1.08 arcsec, respectively.
Those values are closely consistent with the seeing measurements performed by the Thirty Meter Telescope project site survey (Skidmore et al. 2009 ) from 2004 to 2008 at the OAN-SPM with a differential image motion monitor (DIMM). Using this DIMM data, Sánchez et al. (2012) reported that the first quartile, median, and 3rd quartile values of the seeing measured during the spring of those years were 0.61, 0.78 and 1.07 arcsec, respectively.
CONCLUSIONS
Turbulence profiles measured at the OAN-SPM in the whole atmosphere in 2014 and 2015 confirm the results obtained in 1997 and 2000 with the same technique. The seeing statistics computed with all the G-SCIDAR profiles (1997, 2000, 2014 and 2015 campaign) available at the site have a median of 0.79, first and third quartiles of 0.51 and 1.08 arcsec, which confirm the excellent conditions measured at the site with a DIMM during a 4-year measurement campaign.
High altitude-resolution profiles obtained close to the ground with the LOLAS have provided two important pieces Figure 7 . Simultaneous normalised spatio-temporal covariance of scintillation measured at 11:00:44 UT on November 12, 2014. The temporal lag for the temporal correlations was ∆t = 13 ms and ∆t = 23 ms for LOLAS (top) and G-SCIDAR (bottom). The red squares indicate the correlation triplets that correspond to the strongest layer between 0 and 400 m above the ground. The green arrows indicate the displacement of the central peak from the correlation center, which is produced by the wind velocity.
of evidence. On the one hand, optical turbulence can have its maximum between 25 to 50 m and not as close to the ground as generally expected. This might be produced by the presence of trees on the site. And on the other hand, wind blowing from the cliff located towards the north-northeast can produce a very strong turbulence at 300 m above the site. This layer at 300 m is located by the G-SCIDAR as turbulence a few hundred meters above the ground. The high altitude-resolution of the LOLAS enabled the determination of its real altitude. These results were achieved only because of simultaneous observations with both instruments.
For the development of ground layer or multiconjugate adaptive optics, the precise determination of the turbulence altitude close to the ground is of capital importance. Longer term LOLAS measurement campaigns at the OAN-SPM would be beneficial for the design of future modern telescopes at the site.
